The modulation of Ca 2+ channel activity by protein kinases contributes to the dynamic regulation of neuronal physiology. Using the transient expression of a family of neuronal Ca 2+ channels, we have identified several factors that contribute to the PKC-dependent modulation Of Ca 2÷ channels. First, the nature of the Ca 2+ chann~i ~1 subunit protein is critical. Both ~le and ~E channels exhibit a 30%-40°/o increase in peak currents after exposure to phorbol esters, whereas neither mA nor a~c channels are significantly affected. This up-regulation can be mimicked for ~E channels by stimulation of a coexpressed metabotropic glutamate receptor (type 1~) through a PKC-dependent pathway. Second, PKC.stimulated up-regulation is dependent upon coexpression with a Ca 2+ channel I~ subunit. Third, substitution of the cytoplasmic domain I-II linker from me confers PKC sensitivity to mA channels. The results provide direct evidence for the modulation of a subset of neuronal Ca =+ channels by PKC and implicate ~1 and I~ subunit interactions in regulating channel activity via second messenger pathways.
Introduction
The modulation of voltage-dependent Ca 2÷ channels by phosphorylation is an integral step in the regulation of channel activity. The activation of neurotransmitter receptors has been shown to modulate Ca 2+ channel activity via several protein kinases, including protein kinase A (PKA; Bean et al., 1984) , protein kinase C (PKC; Boland et al., 1991; Golard et al., 1993) , Ca2÷/calmodulin-dependent protein kinase (Lu et al., 1994) , and cGMP-dependent protein kinase (Meriney et al., 1994) . In neurons, the direct activation of PKC using analogs of diacylglycerol or treatment with phorbol esters has been shown to modulate whole-cell Ca 2~ currents (Rane et al., 1989; Doerner et al., 1990; Schroeder et al., 1990; Doerner and Alger, 1992; Swartz, 1993; Swartz et al., 1993; Yang and Tsien, 1993) . The exact mechanisms of Ca 2+ channel modulation by PKC remain to be precisely described and have been suggested to involve direct phosphorylation of the channel complex (Yang and Tsien, 1993) or of associated G proteins (Golard et al., 1993; Swartz, 1993) .
Most neurons coexpress multiple types of Ca 2÷ channels, and in some instances it has been possible to identify the type of Ca 2+ channel affected by PKC stimulation. These include dihydropyridine (DHP)-sensitive L-type channels (Yang and Tsien, 1993) and co-conotoxin GVlAsensitive N-type Yang and Tsien, 1993) and T-type channels (Schroeder et al., 1990) . However, in many instances the dissection of PKC-dependent modulation has proven difficult due to both the overlapping electrophysiological and pharmacological properties of neuronal Ca 2÷ channels and the inaccessibility of some Ca 2+ channels localized in dendritic and synaptic sites. In addition, some neurons contain more than one type of Ca 2÷ conductance modulated by PKC (e.g., Ca 2÷ currents in hippocampal CA3 and cortical pyramidal neurons; Swartz, 1993; Swartz et al., 1993) . Molecular cloning and expression studies have identified genes encoding five major types of Ca 2÷ channel m subunits expressed in the mammalian central nervous system (for reviews, see Tsien et al., 1991; Snutch and Reiner, 1992; Birnbaumer et al., 1994; Stea et al., 1995) . The various ~1 subunits each encode a Ca 2+ channel with distinct electrophysiological and pharmacological characteristics: ~IA, a high threshold channel exhibiting some properties similar to both P-and Q-type channels (Mori et al., 1991 ; Sather et al., 1993; Stea et al., 1994) ; ~B, a high threshold, co-conotoxin GVIA-sensitive N-type channel Williams et al., 1992b; Fujita et al., 1993; Stea et al., 1993) ; ~c, a high threshold, DHPsensitive L-type channel (Mikami et at., 1989; Snutch et al., 1991; Tomlinson et al., 1993) ; ~ID, a high threshold, DHP-sensitive L-type channel (Williams et al., 1992a) ; and ~IE, a widely distributed, midthreshold channel for which no specific antagonists have yet been described (Soong et al., 1993; Williams et al., 1994) . All of the neuronal m subunits identified to date possess multiple consensus sites for PKC-dependent phosphorylation, and several subtypes have been shown to be phosphorylated in vitro by PKC (Ma et al., 1992; Hell et al., 1993; Yokoyama et al., 1995) .
Xenopus laevis oocytes provide a convenient assay system for investigating the modulation of cloned ion channels. The oocytes endogenously express constituents of several second messenger pathways, including those for the activation of PKA and PKC, and they possess the pertussis toxin (PTX)-sensitive G proteins, Go and G,, and the PTX-insensitive G, (Olate et al., 1989 (Olate et al., , 1990 . In this report, we examine the functional effects of PKC activation on transiently expressed neuronal Ca 2+ channels. The results show that PKC stimulation significantly up-regulates both elB and ~E currents, while ~A and ~c currents are hardly affected. Coexpression of a I~ subunit is required for the PKC-stimulated enhancement of channel activity, and the intracellular linker between domains I and II of the ~ subunit is crucial for the up-regulation. We also show that PKC-dependent up-regulation of ~E can be effectively mimicked by stimulation of a coexpressed metabotropic glutamate receptor (mGluRl~) via a PTX-sensitive pathway.
Results

Selective PKC-Dependent Up-Regulation of ~,IE and e~B Ca =+ Currents
The effects of activation of PKC were examined in Xenopus oocytes transiently expressing rat brain ~A, ~B, ~C, and ~E Ca ~÷ chahnels (coexpressed with the [~ subunit). Expression of each class of rat brain Ca ~+ channel ~ subunit results in Ba ~÷ currents with distinct electrophysiological and pharmacological characteristics (see Table 1 ) (Soong et al., 1993; Tomlinson et al., 1993; Dubel et al., 1994, Soc. NeuroscL, abstract; Stea et al., 1994) . After a 2-3 min perfusion with a recording solution containing 100 nM phorbol 12-myristate-13-acetate (PMA), there was a pronounced up-regulation of peak whole-cell Ba ~+ currents for both ~E + ~b (140.6% --2.4% of preperfusion levels; range, 103%-243% ; n = 103; Figures 1A and 1B) and (~IB + ~lb currents (134.1% _+ 4.7%; range, 107%-220%; n = 31 ; Figures 1A and 1B) . In contrast, PMA application had only small, nonsignificant effects on the average ~ + I~b peak currents (103.70/0 -1.0%; range, 840/0 -120%; n = 38). The ~c + 6~b currents also showed no up-regulation (90.8% ___ 1.3% ; range, 84%-108%; n = 20; Figures 1A and 1B) , and the small decrease observed was not significantly different (p > .2) than the inherent rundown seen in controls (Figure 2A ).
PMA treatment did not result in significant changes in membrane capacitance (control ~E + ~b = 223.6 --+ 15.2 nF; PMA-treated ~IE + ~b = 217.8 ---+ 18.6 nF; n = 5), indicating that up-regulation was not due to nonspecific alterations in the membrane surface area. To determine whether the differential effects were due to differences in basal phosphorylation, oocytes expressing ~A + I~ and ~E + ~b were preincubated for 12-18 hr with the protein kinase inhibitor H7 (100 I~M) before application of PMA. There were no discernible differences in the effects of PMA application in oocytes that were preincubated with H7 and washed out for 1-2 hr (PMA-treated ~IA + ~lb = 102.0% --+ 0.8%; n = 6; PMA-treated mE + [~ = 148.0% -*-9.20; n = 5) with untreated oocytes, suggesting that the Ca ~÷ channels are not basally phosphorylated to a significant extent by PKC. (B) Summary of the effect of perfusien of 100 nM PMA for 2-3 rain on peak whole-cell currents. The (],E and (],B peak currents are significantly enhanced (p < .01 ; asterisks) compared with preperfusion currents (set as 100%). The small decrease in the (],c peak current levels is due to the inherent rundown of this current, as control oocytes without PMA showed a similar decrease in the peak current after 2-3 rain.
A
Time Course of PKC-Stimulated Up-Regulation
Under control conditions, the ~m + ~b, Cqc + ~b, and atE + I~b Ba 2+ currents exhibited variable degrees of rundown over several minutes, whereas the ~A + ~lb currents showed little or no rundown ( Figure 2A ). PMA application resulted in rapid (within 2 min) and pronounced increases in the ~IE + 131b and mB+ 13~b Ba 2+ currents, which reached maximal levels within 4 min ( Figure 2B ). Over this same period, there was no significant effect of PKC activation on the cqA + 13~b or Cqc + I~b currents ( Figure 2B ). The up-regulation of the 0qE + ~b and 0tlB + #~b currents often persisted over 6-8 min, although there was some overlapping current rundown (Figures 2A and 2B ). There was no effect of the inactive phorbol ester 4~-phorbol 12-myristate-13-acetate (4~-PMA; 100 nM), and preincubation with the protein kinase inhibitor staurosporine (5-10 I~M) prevented the PMA-induced up-regulation ( Figure 2C ). Preincubation of oocytes with the phosphatase type 1 and 2A inhibitor okadaic acid (500 nM) for 1-2 hr did not significantly alter either the maximal level of the PMA-induced up-regulated current (148.3% _+ 11.7% ; n = 8; Figure 3 ) or the rundown of CqE + 131b currents, suggesting there was no significant basal phosphatase activity and that the current decay was probably not due to dephosphorylation of the channels.
Specificity of PKC Effects
A second phorbol ester, phorbol 12,13-dibutyrate (PDBu; 1 #M), also increased the C(1E + 131b currents (134.0% _+ 4.2%; n = 12; Figure 3 ), whereas 4c(-PMA (100 nM) had no effect (89.3% + 1.6%; n = 8; Figure 2C ; Figure 3 ). Perfusion of staurosporine (5-10 #M) prevented the phorbol ester-induced up-regulation of CZlE + 131b currents (90.0% _ 1.9% ; n = 16; Figure 3 ). Endogenous PKC Figure 2 . Time Course of PMA-Induced Effects on Ba 2+ Currents (A) Control Ba 2+ currents measured from oocytes expressing cqA, roB, ~c, and ~E. The cqB (n = 3), ~c (n = 6), and CqE (n = 7) currents all exhibit significant rundown even in the absence of treatment, whereas mA (n = 6) currents show little or no rundown and occasionally show runup. (B) Perfusion of 100 nM PMA results in a rapid and prolonged upregulation of the peak mE (n = 15) and mB (n = 15) Ba 2+ currents. The enhancement occurs within 30 s of perfusion of PMA and persists for several minutes. The (z~, (n = 21) and e~c (n = 14) currents exposed to PMA are virtually identical to controls without PMA (see above). (C) The protein kinase inhibitor staurosporine (5 #M) abolishes the up-regulation of the mE + ~b currents by PMA (100 nM). The inactive form of PMA, 4~-PMA (100 nM), has no effect on the ~E + I~ current. activity in Xenopus oocytes has been shown to be sensitive to intracellular Ca 2+ concentration (Sahara et al., 1992) . To determine the Ca 2+ dependence of phorbol ester-induced PKC activation, oocytes were injected with the Ca 2+ chelating agent BAPTA (2-5 mM estimated final concentration). BAPTA injection resulted in a significant reduction of the phorbol ester-induced up-regulation of 0[1E -{-~lb currents (101.0% _+ 2.9% of preperfusion levels; n = 15; Figure 3 ). The suppression by BAPTA was less pronounced compared with those of 4~-PMA and staurosporine ( Figure 3 ) and may be due to incomplete buffering or to residual Ca2+-insensitive PKC activity (Sahara et al., 1992) .
Xenopus oocytes possess a small endogenous Ca 2+ current that is electrophysiologically and pharmacologically distinct (Dascal et al., 1986) . The endogenous oocyte current has been shown to be up-regulated by activation of 
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OKADAIC ACID n=12 n=8 n=16 n=15 n=14 n=8 Figure 3 . Summary of Effects of Various Treatments on e,E Ba 2+ Currents The phorbol ester phorbo112,13-dibutyrate (PDBu; 1 p.M) induces a 30%-40% up-regulation of cqE + ~,b currents. The inactive 4a-PMA (100 nM) has no effect, whereas staurosporine (5 #M) plus PMA (t00 nM) inhibits up-regulation. Intracellular injection of the Ca 2+ chelator BAPTA (-2-5 mM final estimated concentration; see Experimental Procedures) results in a significant reduction in the effect of PMA. Preincubation with PTX (2 ~g/ml for 12-24 hr) has no significant effect on the PMA-induced up-regulation of the currents. Inhibition of endogenous phosphatases type 1 and 2A with okadaic acid (preincubated for 1-2 hr at 500 nM) also did not significantly alter the PMA response.
PKC (Bourinet et al., 1992a) . It is unlikely, however, that modulation of this current would have influenced our results since the heterologously expressed neuronal Ca 2+ currents were more than 100-fold larger than the endogenous current (-5.1 _ 0.5 nA; n = 158). Although expression of the ~lb subunit alone enhanced the endogenous current (-21.0 _ 3.0 nA; n = 61) and perfusion with 100 nM PMA increased whole-cell Ba 2÷ currents (from -29.9 _+ 7.7 nAto-35.8 + 8.8 nA; n = 15), these values were still 15-55 times lower than the Ba 2+ currents generated by expression of neuronal e~ and I~b subunits (from 500 to 2000 nA). The distinction between endogenous and exogenous Ca 2÷ currents is also indicated by the fact that the ~B currents up-regulated by PMA were almost completely (93.8% _+ 1.4% ; n = 6) abolished by a short (2-3 min) exposure to the N-type Ca 2+ channel blocker o~-conotoxin GViA (1 p,M). Finally, the ability of PMA to up-regulate the ~s and ~E currents while not affecting the 0[1A and Cqc currents argues against the observed effects being mediated by endogenous channels.
PKC-Stimulated Up-Regulation Does Not Involve PTX-Sensitive G Proteins
It has been suggested that phosphorylation of G proteins by PKC may alter the functional state of Ca 2+ channels (Swartz, 1993) . To test whether PTX-sensitive G proteins mediated the observed up-regulation, oocytes were preincubated for 12-24 hr in PTX (0.5-2 p,g/ml) prior to stimulation with PMA. PTX did not affect up-regulation of CqE + 13~b channels by 100 nM PMA (138.5% + 4.1% of control levels; n = 14; Figure 3 ). Similarly, PTX pretreatment did not have any significant effect on the resting 0qB + ILb current characteristics or the response to PMA application a Single exponential curves were fitted to the initial activation phase of the inward Ba 2+ currents and T values (ms) given in the text. Single exponential curves were fitted to the decaying inactivation phase of the inward Ba =+ currents and "~ values (ms) given in the text. The half-point of activation of the current-voltage relation was calculated by smooth curves fit to the raw current-voltage data (see Experimental Procedures). The half-point of the steady-state inactivation curve was calculated by a smooth Boltzmann curve fit to data calculated from peak currents elicited from various holding potentials for 20 s.
The effect of PMA treatment was calculated by the ratio of peak currents 2-3 min after PMA application to the control preperfusion levels. Asterisk, p < .01, Student's t test, compared with controls; ND, not determined.
(131.1% _ 6.4%; n = 8). PTX pretreatment also had no effect on (~A currents (n = 4; data not shown). That PTX is effective in Xenopus oocytes is indicated by the fact that PTX uncoupled the metabotropic glutamate receptor from G protein-stimulated phospholipase C activation (see below). Together, these results indicate that direct PTX-sensitive G protein interactions are not involved in the PMA-induced up-regulation.
PKC Stimulation Alters Voltage Dependence and Kinetics
In addition to increasing whole-cell currents, PMA differentially affected the voltage dependence and kinetics of (~IE -I-~lb and (~B + l~b currents. The current-voltage relation for (~E + 13~b currents showed a small (-4 mV) but significant (p < .01) rightward shift after exposure to 100 nM PMA (Table 1; Figure 4A ). In contrast, the currentvoltage relations for (~B + 131b currents were shifted slightly (-4 mV) to the left after PMA treatment. The voltage dependence of inactivation was shifted -10 mV to the right after PMA treatment for both the (~E + 13~ and (~B + 131b currents (Table 1; Figure 4B ).
The kinetics of activation and inactivation of the mE + 131b and chB + 131b currents were also differentially affected by PKC activation (see Figure 1A) . Peak current activation and inactivation rates were fitted by single exponential curves, and the T values were compared (Table 1; see Experimental Procedures). Prior to PMA application, mE + 13~b and (~s + 13~ currents exhibited similar rates of activation (2.5 _+ 0.1 ms and 2.9 _+ 0.2 ms, respectively; Table  1 ). After 1-2 rain of treatment with PMA, the activation rate of ChE + 13~ currents was significantly slowed (~ = 6.2 _+ 0.6 ms; n = 18; p < .01; Table 1; Figure 4C ), while the activation rate for (~IB -I-~lb currents was not significantly affected (T = 3.2 _+ 0.2 ms; n = 19; Table 1 ).
Similarly, the inactivation rate of the (~lE -}-131b currents was significantly slowed from -150 ms to >600 ms (628 _+ 86.4 ms; n = 19; p < .01; Table 1; Figure 4D ) after PMA treatment, while the rate of inactivation of (~1B + 131b currents was hardly affected (113 ms [control] versus 141 ms [PMA]; Table 1 ). The time course of the changes in (~E + 131b kinetics after PMA application paralleled that of the increase in whole-cell currents (compare Figures 4C and  4D with Figures 2B and 2C ). The PMA-induced kinetic changes were effectively prevented by the injection of BAPTA or incubation with staurosporine and were not induced by 4a-PMA ( Figures 4C and 4D ).
Coupling of Metabotropic Glutamate Receptor Activation to Ca 2+ Channel Up-Regulation
To determine whether the effects of PMA treatment mimic the stimulation of PKC through a physiological second messenger pathway, we examined coexpression of ehE + 131b with a cloned metabotropic glutamate receptor (mGluRla). Stimulation of mGluRl(~ activates the phospholipase C pathwaythrough a G protein-mediated mechanism (Masu et al., 1991; Nakamura et al., 1994) . Figure  5A shows that activation of mGluRla with 100 ~M L-glutamate (L-glu) elicits a robust endogenous Ca2+-activated CI-current (due to the release of Ca 2+ from intracellular stores; Nakamura et al., 1994) , Ba 2+ currents through (~-IE -I-I~lb channels were recorded after allowing the Ca2÷-activated CI-conductance to decay Figure 5A) . Application of L-glu for 1-2 min resulted in a significant up-regulation of (~E + I~lb currents (to 124.5% _+ 5.3 % of preperfusion levels; n = 25; p < .01; Figure 5B ), although there was some variability, in some batches of oocytes coexpressing mGluRl(~ and (~IE + 13~b, the basal (~E + 13~b current inactivated more slowly (~ = 265 _+ 0.5 ms; n = 14) than in control cells (~ = 151 ms; see Table  1 ). To test whether mGluRl(~ receptor expression might increase basal PKC activity and alter ChE + 13~b kinetics even in the absence of exogenous glutamate application, oocytes were incubated overnight in the protein kinase inhibitor H7 (50-100 I~M). Consistent with this notion, after washout of H7 for 1-2 hr, oocytes coexpressing mGluR1 ct exhibited ctlE+ ~lb currents that inactivated faster (-r = 127.7 _-4-15.3 ms; n = 12), similar to those without mGluRIct (see Table 1 ), and were up-regulated more consistently after L-glu application (137.9% -.+ 7.2%; n = 11). The time course of the up-regulation closely mimicked the time course for PMA treatment ( Figure 5C ). In addition, after L-glu application, the inactivation rate of the the + ~b currents was slowed (~r = 370.0 + 20.2 ms; n = 6), although not to the same extent as with PMA treatment (see Table 1 ).
To determine whether the glutamate-induced upregulation was due to PKC activation, the protein kinase inhibitor staurosporine (5-10 I~M) was added just prior to applying L-glu. Figure 6 shows that staurosporine blocked up-regulation of the ~IE + ~b current by L-glu (98.0% ± 4.4%; n = 10) but did not affect the transient increase in the Ca2+-activated CI-current. Injection of BAPTA prevented both the glutamate-induced up-regulation of ~E + ~b currents (95.6% -3.7%; n = 6; Figure 6 ) and the increase in the Ca2+-activated CI-current (data not shown). Coupling of the mGluRlct receptor to the phospholipase C pathway was abolished when oocytes were pretreated with PTX (2 ~g/ml) for 12-24 hr. In PTX-treated oocytes, the ale + ~b current was not increased after L-glu application (89.3% _+ 4.2%; n = 6; Figure 6 ) but was increased when PKC was directly stimulated with 100 nM PMA (165.6% -15.1% ; n = 5). To confirm further that the increase in cqE + ~lb currents after L-glu application was due to activation of PKC, we examined whether upregulation by L-glu was additive with the PMA effect. When PMA was applied first, the ctlE+ ~lb current increased to 161.3% _+ 3.2% (n = 4), and subsequent application of L-glu did not cause any further increase (n = 4). In contrast, when L-glu was applied first, there was a large increase in the cqE + I~b current to 151.6% _ 6.0% (n = 14), and subsequent application of PMA caused only a small additional increase (-14%; n = 14), presumably because PMA is a more potent activator of PKC than glutamate receptor activation.
Coexpression of a p Subunit Is Required for PKC-Dependent Up-Regulation
Coexpression of Ca 2+ channel I~ subunits dramatically influences a number of ch subunit functional properties, including increasing the magnitudes of whole-cell currents and altering their kinetic and voltage-dependent proper- ties (e.g., Lacerda et al., 1991; Castellano et al., 1993a Castellano et al., , 1993b Stea et al., 1994) . To determine whether [3 subunits are also involved in the second messenger-dependent regulation of neuronal Ca 2+ channels, we tested for the subunit dependence of PKC-stimulated modulation. Ba 2+ currents in oocytes expressing alE alone or (~.IE -~-0(,2 were not up-regulated by PMA (~E = 93.2°/0 --2.6%; n = 23; (~IE + ~2 = 98-4% ----1.8%; n = 8; Figures 7A and 7B ), indicating that up-regulation of whole-cell currents requires the functional coexpression of a [3 subunit. However, even in the absence of a [3 subunit, PMA application still significantly slowed the inactivation kinetics of ~E currents (control, -c = 226.1 __+ 12.2 ms; n = 8; PMA, T = 481.7 _+ 72.1 ms; n = 10; p < .01; Figure 7A The activation of mGluRl~ by a brief 1-2 min perfusion of 50-100 ~M L-glu results in a significant enhancement of the peak ~,E + 131b. currents (138O/o; p < .01; asterisks). Up-regulation is prevented by intracellular injection of BAPTA, by u ncoupling the G protein-phopholipase C pathway by preincubation with PTX (2 I~g/ml for 12-24 hr), or by the addition of the protein kinase inhibitor staurosporine (5 ~M).
stimulation has differential effects on the CqE subunit alone compared with that of the ~E + [3~b complex. Currents recorded from oocytes expressing CqA and Cqc without a 13 subunit did not exhibit up-regulation of peak currents (cqA = 101.9% -.+ 2.6% of control; n = 9; Cqc = 89.1% -2.5% of control; n = 7) or alteration of waveforms after PMA application (data not shown). The currents resulting from expression of cqB alone in Xenopus oocytes were too small to determine the effects of PMA. The ability of PKC stimulation to up-regulate the c~lE and cqB currents was independent of the type of [3 subunit coexpressed ( Figure 7B ). Currents resulting from coexpression of [32a, [33, or [34 with ct~E were all up-regulated after a 2-4 min exposure to PMA (126.1% ± 4.8% ; n = 17; 146.0% __+ 10.6% ; n = 6; 184.3% + 24.6% ; n = 9, respectively), although the effect was most pronounced with the [34 subunit. Whole-cell currents mediated by c~B were also up-regulated by application of PMA for all 13 subunits tested, and similar to that for ct~E, the effect was independent of coexpression with the c~2 subunit (cqB + [33 = 143.7% _+ 17.4%; n = 3; cqB + [3~ + ~2 = 140.0% _+ 7.8% ;n = 13; Figure7B).
The Domain I-II Linker Is Crucial for PMA-Induced Up-Regulation
The 13 subunit has been shown to bind directly to the domain I-II linker of Ca 2+ channel cq subunits (Pragnell et al., 1994) . To determine whether this region is involved in the PKC-dependent modulation of Ca 2+ channels, a chimeric cq subunit, ~INB, Consisting of the entire cqA subunit except for the substitution of the cqB domain I-II linker, was constructed ( Figure 8A Figure 8C ). Similar to that for alB + 131b currents, PMA treatment did not induce significant kinetic changes in the ~INB + ~lb currents ( Figure 8B ). Overall, these results identify the I-II linker as a critical element in conferring PKC sensitivity to neuronal Ca 2+ channels.
Discussion
Selective PKC-Dependent Modulation of Neuronal Ca 2+ Channels PKC has been implicated in the regulation of Ca ~+ channels in many types of central and peripheral neurons (e.g., Doerner et al., 1990; Schroeder et al., 1990; Swartz, 1993; Swartz et al., 1993; Zhu and Ikeda, 1994) . However, the molecular mechanisms of Ca 2÷ channel modulation by PKC are poorly understood, in part due to the fact that most neurons coexpress multiple types of Ca 2+ currents with overlapping electrophysiological and pharmacological characteristics (reviewed in McCleskey and Schroeder, 1991) . In addition, PKC may activate more than one component of the whole-cell Ca 2÷ current in neurons (e.g., Swartz, 1993; Swartz et al., 1993) . In the present study, we have examined the effects of PKC activation on a family of heterologously expressed neuronal Ca 2÷ channels. Our results demonstrate the differential modulation of neuronal Ca 2+ channels by PKC: both ~XlE and ~ls whole-cell currents are up-regulated, whereas the ~IA and {xlc currents are hardly affected. A similar phorbol esterinduced up-regulation of the ~IE and (~IB currents is ohserved in transfected HEK 293 cells, indicating that the results are not limited to the oocyte expression system (data not shown). The PKC-dependent up-regulation of the ~IB channel (N-type; Dubel et al., 1992; Williams et al., 1992b; Fujita et al., 1993) is consistent with studies showing that in many neurons N-type Ca 2÷ channels are a target for PKC-dependent modulation (Swartz, 1993; Yang and Tsien, 1993; Zhu and Ikeda, 1994) . The ~IE Ca 2÷ channel has only recently been described (Soong et al., 1993; Williams et al., 1994) , and modulation of this novel current by second messengers has not been reported. We observed no significant PKC-dependent inhibition of any of the expressed Ca 2+ channels, as observed in some neurons (Rane et al., 1989; Doerner et al., 1990; Doerner and Alger, 1992) . Since PKC is Capable of phosphorylating proteins that may interact with Ca 2+ channels (such as certain G proteins; Swartz, 1993) , the possibility that addi.-tional proteins involved in'the PKC-dependent inhibition of Ca 2+ channels are not endogenous to oocytes cannot be excluded. While some L-type channels have been shown to be modulated by PKC activation (e.g., Bourinet et al., 1992b; Singer-Lahat et al., 1992; Yang and Tsien, 1993) , we did not detect any changes in ~1c L-type currents due to PKC activation. Isoforms of the ~1c subunit are generated by alternative splicing (e.g., Mikami et al., 1989; Biel et al., 1990; Snutch et al., 1991) , and it is possible that splicing variants are differentially affected via PKC-dependent mechanisms. The lack of effect on ~1c currents in Xenopus (B) Up-regulation of the peak a~ current (voltage step from -100 to 10 mV) after treatment with PMA.
(C) Comparison of the peak Ba 2+ cu rrent up-regulation after PMA treatment (100 nM) shows that the chimeric raN8 channels (ChNB + ~b) are significantly up-regulated (p < .01; asterisks).
oocytes may also be due to the absence of essential exogenous proteins required for the specific PKC-dependent modulation of neuronal ~c L-type channels. Also, the ~D L-type channel has electrophysiological and pharmacological characteristics similar to those of the ~c channels (Williams et al., 1992a) and is coexpressed in many of the same cells (Hell et al., 1993) . It is possible that the reported PKC-dependent modulation of native L-type currents may be due to modulation of ~ID channels. The ~IA subunit encodes a high threshold Ca 2÷ channel that shares some functional properties with both native P-and Q-type channels . Recent studies have shown that P-type channels can be modulated by PKA (Mogul et al., 1993) and by G proteins (Mintz and Bean, 1993) , although there have been no reports of the direct modulation of P-or Q-type currents by PKC. Our results indicate that PKC stimulation has no significant effects on ~A channels expressed in oocytes; however, this does not preclude that PKC may directly or indirectly affect (~IA currents in native cells.
In addition to the up-regulation of ~lS and ~IE whole-cell currents, PKC activation differentially affected their kinetic and current-voltage properties. In some neurons, PKC stimulation has been shown to alter the kinetic and voltage-dependent properties of Ca 2+ currents (Swartz, 1993; Zhu and Ikeda, 1994) , while in other neurons no obvious changes were noted (Yang and Tsien, 1993) . Although other explanations are possible, the differences observed in the kinetics of the C~IB and mE currents after PKC activation may account for the variable kinetic changes reported for some PKC-stimulated native Ca 2÷ currents.
Mechanisms of PKC-Dependent Modulation
Our results indicate that multiple factors are involved in the PKC-dependent up-regulation of neuronal Ca 2÷ channels. All cloned neuronal (zl subunits possess consensus sites for phosphorylation by PKC, and all channels tested can be phosphorylated in vitro by PKC (Hell et al., 1993; Yokoyama et al., 1995) . That only the als and ale channels are overtly affected by PKC in Xenopus oocytes may indicate that 0nly a subset of PKC consensus sites are available in the native proteins, or that functional changes in channel properties result only from phosphorylation of specific PKC sites. A clue to the mechanisms by which PKC phosphorylation may mediate its effects is the dependency on I~ subunit coexpression. Our results show that for c(1E channels a ~ subunit is required for the PKC-dependent up-regulation of whole-cell currents. However, while ~ subunit coexpression affects the biophysical properties of all Ca 2÷ channel c~ subunits (Lacerda et al., 1991; Castellano et al., 1993a Castellano et al., , 1993b Soong et al., 1993; Stea et al., 1993 Stea et al., , 1994 , the [8 su bunit effect on PKC stimulation was specific for (~IE and not for mA and ~c (~B was not tested). It has been suggested that 13 subunit binding induces a conformational change in the (~ subunit (Neely et al., 1993) , and it is possible either that PKC sites are unmasked or that labile PKC sites are stabilized by 13 subunit binding. It is likely that there are specific sites on the m subunits themselves that are substrates for PKC-dependent phosphorylation, since we detected a PKC-induced slowing of inactivation when ~IE was expressed in the absence of a subunit. We cannot rule out the possibility of phosphorylation of the l~ subunit (Ruth et al., 1989; Castellano et al., 1993a Castellano et al., , 1993b ; however, neither ~A nor ~c channels expressed with a 13 subunit were up-regulated by PMA, indicating that the ~ subunit by itself does not confer PKC-dependent up-regulation, but more likely alters the PKC sensitivity to permissive (~ subunits.
Both the ~B and (~E channels possess multiple PKC sites in regions modeled to be cytoplasmic, and several of these sites are located on the (~1 subunit approximately 30-45 residues C-terminal to the I~ subunit binding site in the domain I-II linker (Pragnell et al., 1994) . Using a chimeric channel with the domain I-II loop of the (zlB protein inserted into the ~A subunit, we find that the upregulation by PKC was conferred onto the previously insensitive (~.IA channels. The (~A and (~B proteins are 66% identical in their I-II linker region and show similar but not identical putative PKC sites. It is possible that the conformation of the (~B I--II loop in the channel complex is such that one or more of these sites is accessible to phosphorylation by PKC, while in the (~A I--II loop the sites are masked. Alternatively, the slight differences in the (~IA and (~B PKC consensus sequences may be critical for mediating the PKC effect. Further experiments in which these sites are sequentially mutated should address this issue. Overall, our results point to a complex mechanism whereby regulation of the Ca 2+ channel complex requires the existence of available phosphorylation sites in addition to the channel possessing a conformation susceptible to modulation by phosphorylation (e.g., induced by 13 subunit binding).
A general conclusion from a number of coexpression studies is that the major role of Ca 2+ channel I~ subunits is to modulate the kinetic and voltage-dependent properties of the pore-forming (~ subunits (e.g., Lacerda et al., 1991; Castellano et al., 1993a Castellano et al., , 1993b Stea et al., 1993 Stea et al., , 1994 . However, the present results for PKC, together with those of Bourinet et al. (1994) indicating that a I~ subunit is required for the induction of L-type channel facilitation via a PKA-and voltage-dependent mechanism, suggest that I~ subunits play crucial roles in the modulation of channel activity via second messenger pathways.
Functional Implications of Differential Ca 2+
Channel Modulation
The physiological coupling between neurotransmitter receptor activation and Ca 2+ channel modulation has been proposed to occur through multiple pathways, including cyclic nucleotides, protein kinases and phosphatases, and direct G protein interaction (reviewed by Dolphin, 1995) .
Several types of receptors, including somatostatin (Golard et al., 1993) , bradykinin (Boland et al., 1991) , interleukin (Plata-Salaman and ffrench-Mullen, 1994) , and dopamine D2 receptors (Marzo et al., 1993) , have been implicated in modulating Ca 2+ channels through PKC-mediated pathways. Stimulation of metabotropic glutamate receptors modulates Ca 2÷ channel activity (Sahara and Westbrook, 1993; Hay and Kunze, 1994) and can potentiate synaptic transmission in hippocampal interneurons (McBain et al., 1994) . The up-regulation of Ca 2÷ channels via metabotropic glutamate receptor stimulation has been implicated in long-term potentiation (Zheng and Gallagher, 1992a; Bortolotto et al., 1994) , although the exact type(s) of Ca 2+ channel involved remains to be described. Both the ~B and ale channels are highly expressed in the rat hippocampus (Westenbroek et al., 1992; Soong et al., 1993; Yokoyama et al., 1995) , and it is interesting to speculate that the PKC-mediated up-regulation observed here may contribute to this phenomenon. Long-term depression at the parallel fiber-Purkinje cell synapse has also been shown to involve a metabotropic glutamate receptor, which may in turn activate PKC (Shigemoto et al., 1994) . Since (~IE channels are prevalent in the dendrites of Purkinje neurons (Yokoyama et al., 1995) , these channels are a possible target for the modulatory response triggering long-term depression. In other central neurons, metabotropic glutamate receptors have been shown to affect burst firing (Zheng and Gallagher, 1992b) , and the modulation of voltage-gated Ca 2÷ channels (e.g., the lower threshold (~IE) may be pivotal in this response.
A crucial determinant of the unique physiological functions mediated by individual types of Ca 2÷ channels is likely to be related to their subcellular distributions. In agreement with physiological and pharmacological studies indicating that N-and P-/Q-type Ca 2+ channels play major roles in neurotransmitter release at many central synapses (Takahashi and Momiyama, 1993; Wheeler et al., 1994 ; reviewed by Dunlap et al., 1995) , immunohistochemical staining localizes the (~IA and (x~B channels to presynaptic terminals (Westenbroek et ai., 1992 (Westenbroek et ai., , 1995 . Of particular note, there is accumulating evidence that at some synapses neurotransmitter release involves the cooperation of multiple types of coexisting Ca 2+ channels (probably the (~A and (~B types; see Dunlap et al., 1995) . Our results suggest that the coexpression of ~A and alB would permit the dynamic regulation of transmitter release at a single synapse via distinct signaling pathways. Along these lines, there is evidence of cross-talk between the PKCdependent up-regulation of neuronal Ca 2÷ channels and a direct G protein-mediated inhibition (Swartz, 1993; Swartz et al., 1993) , and it will be of interest to examine the dual regulation of a~A and C~ls channels by PKC and G proteins. Indeed, preliminary studies indicate that PKC stimulation of (~B channels can depress the direct G protein inhibition mediated by activation of a ~-opioid receptor (E. Bourinet and T. P. S., unpublished data).
The present study has examined the effects of PKC activation on individual types of cloned neuronal Ca 2+ channels. Determination of the modulatory responses of the Ca 2+ channels by other second messengers, together with studies examining the colocalization of Ca 2÷ channels and various neurotransmitter receptors, will provide a more detailed picture of the dynamic roles of these molecules in controlling neuronal physiology and plasticity.
Experimental Procedures
Expression of Ca 2÷ Channel cDNAs in Xenopus Oocytes
cDNAs encoding the rat brain Ca 2+ channel ~1 subunits, rbA-I (mA; Stea et al., 1994) , rbB-II (~B; Dubel et al., 1994, Soc. Neurosci., abstract) , rbC-II (~1c; Tomlinson et al., 1993) , and rbE-II (~IE; Soong et al., 1993) ; the ]3 subunits, {31b (Pragnell et al., 1991) , ~2a (Perez-Reyes et al., 1992; a gift of E. Perez-Reyes), ~3 (a gift of D. Witcher and K. P. Campbell), and ~, (Castellano et al., 1993b ; a gift of E. Perez-Reyes); and the ~2 subunit (Tomlinson et al., 1993) were subcloned into the vertebrate expression vector pMT2 (Swick et al., 1992) . The rbB-II sequence is identical to the published rbB-I sequence , except for a glutamate to glycine substitution at amino acid 177, a glycine to glutamate substitution at amino acid 386, an alanine deletion at amino acid 415, and a four amino acid deletion (SFMG) in domain III $3-$4 (amino acids 1236-1239). Compared with rbB-I , the rbB-II N-type channel exhibits faster activation and inactivation kinetics (Dubel et al., 1994, Soc. Neurosci., abstract) . The mGluRl*x cDNA in the pZEM229 expression vector was a kind gift from E. Mulvihill.
A chimeric channel was constructed containing the entire 128 amino acid linker between domains I and II of the rbB-II m subunit inserted into the rbA-I al subunit. Two silent mutations (G1071C and G1074A) were introduced into the rbA-I cDNA to create an Avrll restriction site. An AvrlI-Stul fragment spanning nucleotides 1073-1468, which included the entire I-II loop was removed and replaced by the corresponding AvrlI-Stul fragment from rbB-II (with two silent mutations at G1053C and C1056A to create an Avrll site, and two other silent mutations at A1447G and G1448C to create a Stul site).
Ovaries were surgically removed from anesthetized (0.17% 3-aminobenzoic acid ethyl ester; MS-222) mature female Xenopus laevis (Xenopus One, Ann Arbor, MI) and agitated for 2-3 hr in 2 mg/ ml collagenase (type IA; Sigma) dissolved in a Ca2*-free OR-2 solution containing 82.5 mM NaCI, 2 mM KCI, 1 mM MgCI2, and 5 mM HEPES (pH 7.5). Prior to injection, oocytes were allowed to recover for 3-20 hr at 18°C in standard oocyte saline containing 100 mM NaCI, 2 mM KCI, 1.8 mM CaCI2, 1 mM MgCI2, and 5 mM HEPES (pH 7.5), supplemented with 2.5 mM sodium pyruvate and 10 pg/ml gentamycin sulphate (Sigma) or 100 U/ml penicillin-streptomycin. Nuclear injections were performed on stage V and VI oocytes using a Drummond Nanoject Automatic injector. Approximately 1-2 ng of each expression plasmid was injected into the nucleus (-10 nl total volume), and oocytes were maintained in supplemented standard oocyte saline at 18°C for 2-5 days prior to electrophysiological recording.
Solutions and Data Analysis
Two-microelectrode voltage-clamp experiments were performed on Xenopus oocytes using Axoclamp-2A and Geneclamp 500 amplifiers (Axon Instruments, Burlingame, CA) connected to an IBM-compatible computer with pCLAMP version 5.5 and 6.02 software (Axon Instruments). Microelectrodes were filled with 3 M KCI and typically had resistances of 0.5-1.5 M~. Ba 2+ currents were isolated by recording in a solution containing 40 mM BaCI2, 2 mM KCI, 36 mM tetraethylammonium chloride, 5 mM 4-aminopyridine, 0.4 mM niflumic acid, 0.2 mM 5-nitro-2-(3-phenylpropylamino) benzoic acid, and 5 mM HEPES (pH 7.6). The effects of activation of PKC were tested using the phorbol esters PDBu (1 p.M) and PMA (100 riM). Control experiments were performed using the inactive phorbol ester 4a-PMA (100 nM) and the protein kinase inhibitor staurosporine (5-10 p.M). These chemicals were made as stocks (10 mM) in dimethyl sulfoxide and diluted to their final concentration in Ba 2+ recording solution. Dimethyl sulfoxide alone at final concentrations of 0.01% did not have any effect on expressed Ba 2+ currents. Some oocytes were injected with 10-30 nl of 100 mM BAPTA-free acid (10 mM HEPES [pH 7.2 with CsOH]) to chelate intracellular Ca 2+ (estimated intraoocyte final concentration = 2-5 raM). PTX and okadaic acid were dissolved as stock solutions in water. All drugs were obtained from Research Biochemicals, Inc. (Natick, MA).
Many mE and mc currents showed significant rundown during normal recording, and only oocytes that showed less than 10%-20% rundown over the first few minutes were included in the analysis of the phorbot ester effects. In contrast, the ChA current showed little or no rundown but appeared to run up in some cases. In these cells, currents were recorded until stable, and then phorbol esters were applied.
Current recordings were analyzed using pCLAMP software and plotted on a Hewlett-Packard Laserjet II printer after subtraction of capacitance and leakage currents and filtering at 1000 Hz. The voltagedependent properties of the Ca 2+ channels were determined by fitting normalized current-voltage relations and steady-state inactivation data with smooth Boltzmann curves as described previously . The activation and inactivation rates of the Ba 2÷ currents were compared by fitting with single exponential curves using the Clampfit program in pCLAMP. Only cells with little or no CI-current (.is indicated by an absence of CI-tail currents) were used in the analysis of current kinetics. Capacitance measures were obtained by integrating the capacitance transient from a step of -100 to -80 mV. Significant differences between various parameters were determined using a Student's t test with the significance level set at p < ,01. All values given in the text and figures are mean ± SEM.
